During July 2012, 150 almost identical H-mode plasmas were consecutively created in the Joint European Torus (JET), providing a combined total of approximately 8 minutes of steady-state plasma with 15,000 Edge Localised Modes (ELMs). In principle, each of those 15,000 ELMs are statistically equivalent. Here the changes in edge density and plasma energy associated with those ELMs are explored, using the spikes in Beryllium II (527 nm) radiation as an indicator for the onset of an ELM. Clearly different timescales are observed during the ELM process. Edge temperature falls over a 2ms timescale, edge density and pressure fall over a 5ms timescale, and there is an additional 10ms timescale that is consistent with a resistive relaxation of the plasma's edge. The statistical properties of the energy and density losses due to the ELMs are explored. For these plasmas the ELM energy (δE) is found to be approximately independent of the time between ELMs, despite the average ELM energy ( E ) and average ELM frequency (f ) being consistent with the scaling of δE ∝ 1/f . Instead, beyond the first 0.02 seconds of waiting time between ELMs, the energy losses due to individual ELMs are found to be statistically the same. Surprisingly no correlation is found between the energies of consecutive ELMs either. A weak link is found between the density drop and the ELM waiting time. Consequences of these results for ELM control and modelling are discussed.
: The probability density function (pdf) for the waiting time between ELM events, determined from the ELM waiting time data from 120 equivalent pulses (see text for details). Each line corresponds to data from an individual pulse. Reproduced from Ref. [17] .
apply to changes in the plasma's energy.
Following an ELM, the line integrated plasma density falls, then recovers again (see figure 2) . The losses associated with the ELM have a duration of order 0.005 seconds, that combined with fluctuations in the signal can make it difficult to define the density loss due to the ELM. For example, figure 3 shows the fall in edge density with time since an ELM for ELMs in the typical pulse 83790. There is clearly a minimum in the line integrated signal at around 0.005 seconds, or in equivalent words, there is a maximum drop in line integrated edge density at around 0.005 seconds. The exact time and magnitude of the minimum is not always the same. Here we define the density drop due to an ELM (δn) as the maximum observed drop in the line-integrated density within a small time interval t m after an ELM (see figure 5) . Note that figures 2, 3, and 4 discuss time traces in which there are minima in line-integrated density or thermal energy after an ELM, whereas from figure 5 onwards we consider the maximum energy and density lost after an ELM, which is a positive quantity. Figure 5 shows that if δn is defined in this way then provided t m is greater than about 0.005 seconds, which is much less than the 0.012 second waiting time to the most frequent ELMs [16, 17] , then δn is independent of t m . Consequently provided t m is greater than 0.005 seconds, then δn is independent of t m and is well defined. For plots involving drops in edge density we use t m = 0.01 seconds, and for plots involving drops in energy we will specify whether we are discussing results with t m = 0.01 or t m =0.005 seconds.
Similar remarks apply to the plasma's thermal energy, which is defined as 3/2 times the volume integral of the plasma's pressure, with the pressure here obtained from an ii) The estimated thermal energy stored in the plasma, which is calculated by EFIT using magnetic measurements to reconstruct the MHD equilibrium and infer the plasma's pressure. The thermal energy is 3/2 times the volume integral of the plasma pressure, sometimes referred to as the plasma's "kinetic" energy. iii) The line-integrated plasma number density at the plasma's edge. For each ELM there is a sharp spike in Be II emission, shortly followed by a drop in density to a minimum at around 0.005s after the ELM started, and a drop in the plasma's thermal energy to a minimum some time around 0.01s after the ELM started.
ideal MHD reconstruction of the equilibrium using EFIT [18, 19] . The thermal energy is sometimes referred to as "kinetic energy", but does not include the energy due to macroscopic flows in the plasma. The drop in thermal energy (δE) is defined as the minimum energy in some time period t m immediately following an ELM. A difference is that there are now two timescales that can clearly be observed (see figures 4 and 6) . The first minimum in energy occurs between 0.002 and 0.005 seconds, which tends to be before the minima at 0.005s found in figure 5 . However, unlike the density, there is a second minimum at around 0.01 seconds (see figure 4) . The possible causes of the different timescales are discussed in greater detail later. Beyond 0.01 seconds the average of δE is approximately independent of t m , allowing δE to be defined as either the minimum thermal energy in the time interval between an ELM and t m = 0.005 seconds or between an ELM and t m =0.01 seconds (see figure 6 ). Both of these are less than the time of the first maxima in the ELM waiting time distribution [16, 17] , that is at approximately 0.012 seconds. This suggests two possible definitions for the ELM energy, as either the maximum energy lost over the 0.005 second timescale during which particle loss is also leading to a reduction in the edge density (see figures 5 and 6), or as the total reduction in stored thermal energy over 0.01 seconds. Both will be reported and discussed here, and both can be observed in the time traces in figure 2 , with a small minimum in δE prior to the minimum in the density, followed by a much larger minimum in δE on the larger timescale of ∼ 0.01 seconds.
Two timescales have previously been reported in conjunction with the edge electron temperature during the post-ELM pedestal recovery in ITER-like wall plasmas [21, 22] , an important difference is that here the two timescales are observed with every ELM. It is possible that the two timescales relate to a similar sequence of processes -rapid energy losses followed by slower transport processes. The timescale for the initial fall in edge temperature reported in Refs. [21, 22] is only about 0.002 seconds, whereas the drop in edge density (figures 3 and 5), is over a 0.005 second timescale. Two timescales have also been reported in conjunction with infra red (IR) images of JET's divertor during Carbon-wall JET experiments [23] . In this latter work the two timescales arose from the shape of the ELM power deposition curve with respect to time, and are much shorter than those discussed so far. The timescales characterise the initial rapid rise in ELM power deposition, over a timescale time τ rise ∼ 0.0002 − 0.0005 seconds, and a slower τ decay ∼ 0.001 − 0.0025 seconds that characterises the subsequent fall in the power deposition.
The work referred to above and the results here are consistent with, and possibly extend, the proposed sequence of steps by which energy is lost during an ELM [9] . Firstly there is a rapid rise in heat flux that for Carbon-wall plasmas was found over a timescale of order 0.2-0.5 milliseconds [23] , with heat being lost predominately by electrons. In ITER-like wall plasmas, after of order 1-2 milliseconds the edge temperature is found to fall to a minimum [21, 22] , something we find here also in Section IV. This process of energy loss is referred to as "conduction" [9] . Next, for the plasmas described here at least, there is a loss of ions that is completed within a timescale of order 5 milliseconds (figure 5), in a process referred to as "convection" [9] .
Finally we find an additional timescale of order 10 milliseconds after an ELM (figure 6), during which EFIT [18, 19] suggests that the thermal plasma energy relaxes to a minimum, before starting to rise again. As discussed in Section [16, 17] , that will be observed later in the time periods between the clusters of ELMs in figures 7, 8, and 9.
We do not know whether this is a coincidence or not. The maximum drop in line integrated plasma density (δn) following an ELM (vertical axis), is plotted against the (maximum) time tm since the ELM (horizontal axis), over which the maximum drop is calculated. For each plasma δn is averaged over all the ELMs in a given pulse (plotted points), and its standard deviation calculated (vertical lines). This is repeated for each maximum time tm since the ELM, and for each plasma pulse. There is a comparatively small scatter of about 15-20% between the average value's of δn for the 120 different pulses, confirming that the pulses are quite similar.
Consequently if tm is taken to be greater than about 0.005 seconds then there is a well defined δn that is independent of tm.
The timescale of 0.005 seconds is much less than the time between ELMs.
III. STATISTICAL PROPERTIES OF ELMS
Next we look at how these measures of the density and energy losses associated with the ELMs are influenced by the waiting times between the ELMs (see figures 7, 8, and 9) . The most obvious characteristic of both figures is the vertical clustering of ELM times. This is due to the waitingtime probability density function (pdf) in figure 1 , which is discussed in detail in Refs. [16, 17] , and shows a series of maxima and zeros at approximately 0.08 second intervals starting from the first maxima at 0.012 seconds and continuing until 0.04 seconds when the distribution becomes comparatively smooth. The pdf was unexpected, and contrasts with large sets of ELM waiting time pdfs that have only a single maxima [20] . The cause of the unexpected form of pdf is unknown, and presently under investigation.
The next striking characteristic of figures 7 and 9, that is particularly noticeable for the ELM energies, is that beyond a waiting time of about 0.02 seconds the ELM energies are similar and independent of the waiting time between the ELMs. In other words, the distribution of ELM energies that occur after a waiting time of 0.02 seconds is almost identical to those of ELMs with waiting times of 0.05 seconds or more. This is clearly different to the usual relationship of ELM energy being inversely proportional to ELM frequency [12] , that would lead to the ELM energy being linearly proportional to the ELM waiting time. It is also despite a continual gradual increase in edge density that is suggested by figures 3 and 9. The first large group of ELMs are observed at 0.012 seconds, and these have an average energy that is roughly 60% of the ELMs in later groups. Similar results have been observed during pellet-triggering experi- figure 6 , and is the timescale over which the edge density is lost (see figure   5 ). The group of ELMs at 0.012 seconds are about half the energy of later ones, which is comparatively less than for figure 7, and the overall ELM energies for waiting times greater than about 0.02 seconds are of order 40,000 Joules. So why does the observed relation between ELM energy and ELM waiting times disagree with published studies [12] that find the ELM energy (δE) to be inversely proportional to ELM frequency (f ), with δE ∝ 1/f ? It is possible that it is due to differences in behaviour between Carbon and ITERlike wall plasmas, this remains to be determined, but there is a simpler statistical reason that we discuss next. The most important observation to make is that previous studies are usually plotting a pulse's average ELM energy against its average ELM frequency, and plotting these quantities for a variety of different pulse types. In contrast, here we are plotting the individual ELM energies against their waiting times (that can be regarded as defining 1/f for any given ELM), and doing this for these almost identical 2T, 2MA, pulses.
If we plot δE against δt for each of these pulses (see figures 10 and 11), we find a simple linear relationship that is consistent with δE ∝ 1/f , due to small differences in δE and δt in the different pulses. The usual scaling between ELM energy and frequency, such as that plotted in figure 18 of Ref. [12] , has δE /E ∼ 1/f τ E , where τ E is the energy confinement time of the pulse, δE is the average thermal energy lost by ELMs, and E is the (average) thermal energy stored in the plasma. For the plasmas considered here, E ∼ 2.8× 10 6 J, giving for ELM energies calculated within a 5 millisecond time period δE ∼ (0.4
.004, and f ∼ 31 ± 9.0, giving f τ E ∼ 7.6 ± 2.2, which is slightly below the scaling in fig. 18 of Ref. [12] , but the scaling is within the error bars. Figure 18 of [12] covers roughly 2 orders of magnitude. So for average ELM frequencies at least, the results here seem consistent with the usual scaling, even if it is not found to hold for individual ELMs within the pulses considered here. We note that E/τ E is the average rate of energy loss from the plasma, and f δE is the average rate of energy loss by ELMs. Therefore if either the majority or a fixed fraction of the energy losses are by ELMs, then the scaling of E/τ E ∼ f δE (i.e. that is clearly highlighted here is that even if the relationship of δE ∝ 1/f does hold between different types of plasma pulses, for the plasmas studied here at least, within a particular pulse the individual ELM energies can be independent of their waiting times (and the frequencies that they define).
A related question is whether the energies of subsequent Here however, δE has been calculated using tm = 0.005 seconds, the time of the first plateau in δE versus tm in figure 6 , and the time beyond which the drop in edge density has ended. than those in Ref. [22] . The second minima in figure 4 at 10 milliseconds requires a further drop in energy by 70- Figure 9 : The drop in line integrated edge density is plotted against waiting time since previous ELM. Similarly to the plot of energy against waiting time, the vertical clustering is due to the unusual ELM waiting time pdf of the ELMs in these pulses, as described in references [16, 17] . The line-integrated edge density was of order (4.5). if we presume that the shorter timescale of t m = 0.005 seconds determines the peak heat fluxes onto surfaces. In principle JET can trigger ELMs with "vertical kicks" [28] , with frequencies up to about 100Hz, so it would be possible to test this experimentally at JET using 83Hz kicks.
Although we caution that even at 83Hz, the spread of the ELM energies observed in figures 6 and 7 can include energies significantly above the average observed value. To the authors' knowledge, no vertical kick experiments have yet been done at this frequency.
If a resistive process is responsible for the 0.01 second timescale, then it might allow the energy to be lost more uniformly in the form of plasma filaments for example, possibly helping to reduce the peak heat fluxes at the divertor. The purpose of the analysis here is to provide a robust anal- , and seconds (horizontal axis). Notice that there is a minimum at around 2 milliseconds, as was similarly found in Refs. [21, 22] .
Appendix A: Plasma motion and measurements
Following an ELM there will be a radial motion of the plasma. This will modify the measurements in two ways: i) the length of plasma that the line-integrated measurements pass through will reduce slightly, ii) the measurements will be of a slightly different region of plasma due to its small radial displacement. Here we will estimate the changes to measurements that would be expected to result from a small radial displacement of the plasma, and confirm that they are small compared to the measured changes that occur after an ELM, and can therefore be neglected.
During an ELM the radial outer gap between the outboard plasma and the outer wall changes by 7-8mm, which is 0.007-0.008m. The line integrated measurement passes through approximately 1.45m of plasma, approximately 1.1m of which is through the higher density region above the top of the plasma pedestal (these lengths can be used to estimate the plasma density from the line-integrated density measurement). Allowing for the geometry of the flux surfaces, a 7-8mm radial shift will only modify the length of plasma it passes through by a few cms at the most, or by 1-2%. Therefore because the measured changes in lineintegrated density are of order 10-20%, we can neglect this effect.
The edge pedestal is thought to be 2-3cms at most [24] , and the line-integrated measurement cuts through the mid-plane at about 3.73m, so most of the line of sight is In summary, compared with the measured changes in density, the changes due to the radial plasma shift that occurs with an ELM can be neglected. Similar remarks apply to the temperature and pressure measurements.
Appendix B: The current relaxation timescale
As given in Ref. [27] for example, the plasma's resistivity is, η = (6.5)10
where T k is the plasma's temperature measured in electron Volts. A multiplicative constant modifies Eq. B1 when Neoclassical effects are included and if Z ef f = 1, but Eq. B1
is a reasonable order of magnitude estimate. The resistive MHD equations [27] give, 
